Diffuse landslides may generate a lot of damage to human settlements and risks for the population because of their frequency and their diffusion on the territory. In the past, several efforts have been oriented to the definition of appropriate empirical or physical relationships to determine rainfall thresholds that can induce landslides. Usually the term "diffuse landslides" is used to indicate shallow movements such as soil slips, debris flows or landslides in porous media with a depth less than 5 meters. The objective of this work is to discuss the common empirical methods defined in the past for shallow mass movements in soils as well as to make some comments about rockfalls. In fact, the study of rainfall thresholds for rockfalls is still a challenge. To investigate the capability of rainfall thresholds to forecast landslides, three case studies are presented: Sirta and Ardenno as landslides in porous media, and Mount San Martino as a rockfall. The first application regards two towns in Valtellina, North of Italy. The available information allows us to study these areas considering also the geological peculiarity of the sites. As far as rockfall is concerned, our analysis focuses on acoustic emissions that may be related to the rupture of the rock bridges within the fractures, i.e. an initial stage of the crack propagation that may cause a future failure. The Mount San Martino case study regards a preliminary assessment considering the correlation between acoustic emissions and rainfall. Further investigations in this field are underway.
Introduction
In the last decades, the increase of victims due to landslides over the world has led to renewing the interest in landslide thresholds as a way to reduce fatalities. Landslides can be induced by one or more factors; anyway weather condition is believed to be the factor that may cause all typologies of landslide. Several cases presented in the scientific literature show the influence of this triggering factor on mass movements. Among all weather conditions, the presence of water due to rainfall, run off and snowmelt remains one of the major causes. It is therefore of paramount importance to correlate the vulnerability of the territory with the presence of water. The importance of meteorological events will however vary with the type of mass movement. In this paper we deal with diffuse landslides. These landslides, widespread on the territory, need particular methodologies, based on simple input data, in order to be applied to extended areas. The widespread landslides (soil erosion, shallow debris flow, soil slip and some cases of rockfall), even if with lower magnitude compared to great landslides, may generate a lot of damage to human settlements. Unfortunately no defense structures or monitoring systems allow the territory to be protected from all these mass movements. Their diffusion on the territory suggests therefore a regional approach able to define alerts based on rainfall thresholds. The aim of regional early warning systems is to identify and map the risk of the territory in order to better manage the emergency of the whole territory affected by critical meteorological events. On the contrary, the study of a great landslide, defined as a local problem, can be performed with a detailed approach. Usually these hydrogeological risks are studied through an ad-hoc methodology, based on the geological peculiarity of the local problem.
The vulnerability of populations living in hazardous areas coupled to the claim for more effective emergency preparedness have led to develop precipitation thresholds. The most used alerts are based on rainfall for two reasons: first of all, as stated above, the presence of water is one of the most important triggering factors and, secondly, rainfall can be easily measured.
The concept of precipitation thresholds was introduced for the first time in 1975 by Campbell [1] and implies a correlation between intensity and duration of rainfall necessary to trigger landslide movement. Numerous authors [2] [3] [4] [5] have developed methods (empirically and/or physically-based) to estimate the values of triggering thresholds.
The aim of our work is to apply and discuss the main rainfall threshold relationships as real time forecasting tools. For this purpose a back analysis on a particular meteorological event was investigated. Some shallow landslides were induced to move by intense precipitation occurred in Valtellina, during the autumn of 2002 (November 17-27). In Sirta and Ardenno areas, in the south of Valtellina, the rainfall caused numerous debris flows. On the basis of the available datasets, a detailed description of the applicability of the main rainfall thresholds to geological features of Ardenno and Sirta areas is presented. The comparison of real events using different relationships is aimed to understand and discuss the peculiarity of each threshold, establishing the most suitable one to forecast the hazard in the area under examination and to identify how some rainfall thresholds act according to the different geomorphological conditions. The second section of the paper regards rockfalls, that are often diffused on the rocky mountains. In almost all cases in the literature, the empirical thresholds are related to critical rainfall that induce shallow landslides, while the relationship between rainfall and rockfalls is much less investigated, despite rain is one of the main causes of rockfalls. At present, the relationship between the initiation of rockfall and rainfall intensity-duration is yet a challenge.
A comparison between precipitation measurements and evidence of microseismic activity collected by a deployed monitoring network is performed, in order to better understand the rockfall-rainfall correlation.
Methodological approach
The approaches used to predict landslide susceptibility range from qualitative to complex quantitative models. Hazard maps can be achieved with the application of white, black or grey box models. White box models are based on the physical relationships that lead to mass movements. The role of water is investigated through the use of hydraulic or hydrological models. Each component of the adopted model should reflect the corresponding physical laws that regulate the water action in soil and rock mass. Unfortunately, considering the complexity of the real geological assessment, each model contains some simplifications in order to solve the problem. Black box models refer to statistical or empirical analysis, where a direct correlation is required between rainfall features and mass movement, without considering the physical laws which regulate the role of water into the slope. In grey box models both statistical and physical investigations are taken into account. This paper describes rainfall thresholds that can be defined through physical (process-based) or empirical (historical, statistical threshold; [6, 7] ) approaches.
Regional methods usually belong to the empirical approaches (black box models). As stated by Guzzetti et al. [7] , the different types of empirical rainfall thresholds proposed in the last years may be classified according to: i) the extension of the investigated area (global, regional and local thresholds); ii) the type of rainfall measurement (specific for one critical event, considering also antecedent rainfalls or including hydrological conditions).
These considerations are in general suitable for the different types of movements, even if rainfall has a different role in shallow landslides or in rockfalls. In the next paragraphs a brief discussion on the relationships recommended by other authors is reported, both for shallow landslides and for diffuse rockfalls.
Rainfall thresholds for shallow landslides
Shallow diffuse landslides, despite their low magnitude in terms of velocity and involved volume, can affect urban areas causing high economic losses. Several rainfall thresholds can be used to examine a hazardous scenario involving shallow landslides. Recently some authors compared different approaches (statistic and deterministic methods) for landslide susceptibility, in order to test the most suitable relationship (e.g. [8] ). The application of deterministic and statistical methods on a real case showed that the second one can provide satisfactory risk maps. The problem associated to the determinist approach concerns the simplification assumptions; moreover its poor performance depends also on the quality of the input data. This is a key issue particularly for widely spread landslides. For this grounds, in this paper we prefer to consider only a statistical approach based on rainfall as the factor causing the initiation of mass movements on a regional scale.
Shallow landslides, including soil slips, debris flows and earth movements, are strongly influenced by water circulation. Debris flows usually occur after heavy rainfall and moisture is of primary importance for soil slips. Groundwater conditions are related to rainfall through infiltration, soil features, antecedent degree of saturation and rainfall history [9] . In addition, snowmelt can increase groundwater circulation and the run off on the slope. These phenomena are very complex and still poorly understood; therefore it is common practice to simplify the problem and to try to forecast the slope behavior only by means of available and reliable data. This is the aim of rainfall thresholds. Different types of empirical rainfall thresholds for the possible initiation of shallow landslides have been proposed in the past [10] .
A threshold is the minimum or maximum level of some quantity needed for a process to take place [11] . As stated previously, these methods are focused on a statistical analysis of historical data, therefore rainfall data are fundamental for this approach and only significant weather statistics allow a satisfactory rainfall threshold to be generated. The concept of rainfall threshold was introduced by Campbell [1] just for debris flows and soil slips. In keeping with this approach, many attempts have been proposed to define the minimum height of water and/or the intensity necessary to trigger landslide movements.
A review of the literature reveals that no unique set of measurements exists to characterize the rainfall parameters able to trigger slope failures. Rainfall intensity (I) and duration (D) thresholds are the most common proposed approach. Besides I-D approach, thresholds can be also based on the total event rainfall, on rainfall event (E) -duration [12] and rainfall event -intensity [2, 13] . Additionally, antecedent rainfall can as well influences groundwater level and soil moisture, leading to possible landslide initiation [14] . A simple way to consider the role of antecedent rainfall consists in establishing thresholds based on the cumulative rainfall. [4, [15] [16] [17] [18] [19] have correlated antecedent rainfall with the triggering of landslides. A crucial issue of this approach regards the period over which cumulative rainfall is to be considered. The choice of the time interval is strongly influenced by the geological features, the climate conditions of the investigated area along with the heterogeneity and reliability of rainfall data [20] .
As well as for the antecedent rainfalls, also the choice of rainfall thresholds is related to the climatic conditions. In the following, some rainfall thresholds will be discussed in order to apply to real cases the most suitable one in terms of geological and meteorological factors.
Rainfall thresholds for rockfalls
Small-scale rockfalls are one of the major issues in mountain areas. Generally triggered by rainstorms, freeze-thaw cycles or earthquakes, rockfalls commonly occur on vertical rock slopes and cause a lot of damage in the surrounding areas. A detailed characterization of this kind of failures is yet a challenge, since it is difficult to define the fracture network that controls the stability of a rock mass. In particular, both classical and up-to-date investigation methodologies have shown to bring little knowledge about the persistence of the discontinuities [21] , in terms of rock bridges connecting the opposite sides of the fractures. Therefore, it is also difficult to understand the effect of water circulation within the fracture network and, at present, no significant relationships have been proposed to relate rainfall to rockfall occurrence. In the past, direct rockfall measurements have provided qualitative evidence for a general rainfall-rockfall relation [22, 23] , but no quantitative models have been developed. With respect to shallow mass movements, rockfalls seem to be induced by more moderate precipitations and the relationships defined for shallow landslides are no more appropriate. Recently some authors [24, 25] have tried with little success to explore the possibility to define quantitative relationships between rainfall and rockfall. They claim that it is fundamental to study deeply the hydro-geological features of the unstable rock mass as well as its kinematic and dynamic conditions. They also found out that information on antecedent rainfalls must be coupled to recent meteorological events in order to better understand the hydrological regime within the rock mass. The time lag between precipitation and fracture propagation (i.e., between rainfall and possible failure) is a result of the complex interaction between water circulation and discontinuity features.
In the last years, several authors have addressed rockfall forecasting by means of the acoustic emission/microseismic technique [21, 26] . This methodology seems very promising because it allows us to gain additional information on the dynamic and kinematic processes ongoing within the rock mass and related to the propagation of discontinuities. Differently from standard displacement measurements, which are usually carried out on the surface and in few locations, microseismic sensor networks are able to monitor wide areas and to record emissions generated inside the rock mass.
In Section 4, some datasets collected by a microseismic network deployed on the S. Martino Mount (Lecco, Northern Italy) will be presented. The seismic transducers, MEMS accelerometers and geophones, have been placed close to the crown of a previous rockfall, where unstable rock blocks are still in place. The analysis of seismic signal collected by the sensors is currently ongoing in order to learn to discriminate between events related to the evolution of the instability and events that can be classified as noise. In this paper we present some preliminary considerations concerning the relationship between recorded acoustic emissions and rainfall.
Application of rainfall thresholds to the Sirta and Ardenno case studies
Sirta and Ardenno are two small towns, located in Valtellina, in the north of Italy. A critical meteorological event occurred in 2002 (November 17-27) induced numerous shallow movements (debris flows and soil slips). We chose these two very close and comparable areas that underwent the same pluviometric event to test some rainfall thresholds. These areas have undergone different "geological history" therefore their behavior may differ. After having examined the main rainfall empirical methods generally used to define a rainfall threshold, some of them were chosen and applied to Sirta and Ardenno areas. The most suitable methodologies to the stated aim are deemed to be those defined by Cancelli and Nova [3] , Caine [2] and Giannecchini [27] . The first one was chosen because its original field of application is similar to the investigated area; the second is interesting because it is considered as the universal threshold, and Giannecchini relationship is taken into account because it does not define a single minimum or maximum curve but two curves delimiting regions identifying different levels of slope stability.
Cancelli and Nova threshold
Cancelli and Nova [3] 
The application of this relationship to the Sirta and Ardenno areas is depicted in Fig. 1 . This approach provides good results for Ardenno while the analysis of Sirta events yields less reliable results. The poor performance is evident for a longer duration. The original relationship, proposed by Moser and Hohensinn [28] for the Austrian Alps, displays similar problems. According to Moser and Hohensinn [28] these events, depicted closer to the threshold line, are those which occurred with less magnitude. Moreover, Sirta and Ardenno differ from a geological point of view. First, the value of soil saturation was higher in Sirta if compared to Ardenno because the antecedent rainfall was noteworthy in the Sirta area. Second, Sirta events depicted close to the threshold are reactivations of previous movements. Therefore, the Cancelli and Nova relationship generally has a good performance for the first activation of slope movements, but it is essential to consider the major susceptibility of the territory to reactivations. The results of the analysis performed on the Sirta dataset show that it is necessary to modify the threshold in order to consider also the state of activity of the slope. Application of the Cancelli and Nova threshold to the Sirta and Ardenno case studies.
Caine threshold
Caine [2] defined a worldwide rainfall threshold based on more than 73 shallow landslides where rainfall intensity and duration had been measured. Caine found that the lower bound of all plots could be expressed as
The idea of Caine was to find a universal equation that could be applied to different geological, hydrogeological and topographic conditions. The relationship was intended for a general porous media, in soil debris cover. Fig. 2 shows the I-D threshold applied to Sirta and Ardenno. As in the case of the Cancelli and Nova threshold, the Caine model shows a good performance for Ardenno but not for Sirta. As stated by Caine himself, the relationship becomes less reliable for a longer duration (in our case, more than 10 hours). As a matter of fact, by comparing the Sirta and Ardenno datasets, it is clear that the Caine relationship must be updated in order to simulate appropriately the slope behavior for a longer rainfall duration. According to this, antecedent rainfalls merged with geological history (i.e., slide reactivations) of the slope must also be considered.
Giannecchini threshold
The Giannecchini threshold [27] was proposed to forecast debris flows and soil slips in the Apuan Alps (Italy). The datasets recorded across 25 years were analyzed to examine the relationships among soil movement initiation and rainfall. A threshold for shallow landslides in terms of mean intensity, duration This approach is characterized by two curves, which separate fields with different degrees of stability: stability (under the lower curve), uncertain stability (between the two curves) and instability (above the upper curve).
The most important feature of this rainfall threshold regards the field of uncertainty. With regard to Fig. 3 , the curves are able to discriminate Ardenno events in a proper manner, while Sirta events are closer to the lower curve. These events are the same as those discussed in the previous paragraphs.
Unfortunately, a great amount of events fall in between the two curves, which however is an area characterized by uncertainty and therefore could always be interested by false alarms.
Comparing the predictive capability of rainfall thresholds
In the previous paragraphs three rainfall thresholds, chosen in accordance with the hydrogeological features of the Sirta and Ardenno case studies, were tested. The analysis of the results shows that Ardenno events are well predicted while some errors are present when considering Sirta events. The Cancelli and Nova Application of Giannecchini threshold to Sirta and Ardenno case studies.
threshold as well as the Caine method, show inaccuracy for landslides occurring in Sirta, particularly in the case of meteorological events characterized by a long duration. As reported before, the cause may not be related just to rainfall duration, but also to the geological history of the sites. More in detail, the fact that Ardenno events characterized by a long duration are properly discriminated lead us to suppose that the key for a correct interpretation may lie in considering slope reactivation. Different considerations must be given for the Giannecchini threshold. As reported in Fig. 3 , the results of both Sirta and Ardenno true events are depicted in the region between the two curves. This region is defined as uncertain stability area. Sirta reactivations generate the same errors found using the other two thresholds. The reactivated landslides in Sirta are closer to the lower curve that represents the stability border line. Generally, for first activations or reactivations, this approach may underestimate slope stability. Thus the Giannecchini method is no more taken into account in the following.
In the literature, records regarding landslide activity show that in many cases new slides are consequent upon partial or complete reactivation of existing landslide masses. This assumption is especially true for shallow landslides. It is very common to find residual risk for this types of mass movements because of the moving back of the main scarps, the absence of vegetation that can induce a great amount of groundwater circulation, the search of a new equilibrium, the presence of the past surface of rupture that increase groundwater circulation, etc.
The site of Sirta is located in the area of a pre-existing landslide most prone to reactivation. A particular focus on reactivation must be performed in order to adapt the rainfall thresholds for these areas because the role of geomorphology on the prediction of shallow landslides is significant, but the common rainfall thresholds do not consider this factor. Generally, during rainfall events characterized by longer duration and lower intensity, the local geomorphologic features can have a significant role in influencing slope stability.
To update rainfall threshold considering also the geological history, some other cases are evaluated. Datasets regarding events in Valsassina (a valley located in the North of Italy, not far from Valtellina) induced by the 2002 meteorological event are considered. These data are particularly interesting because concerned with reactivations. Fig. 4 reports the events of Sirta, Ardenno and Valsassina along with some cases of reactivations considered by Caine [2] .
With the main purpose of adapting thresholds to landslide reactivation, an updated rainfall threshold is suggested
This equation is very similar to one of the relationships defined by Giannecchini.
Despite that, the meaning is different: as reported in the previous paragraph, Giannecchini lower curve is the boundary condition between stability and uncertainty, while Eq. (4) represents the minimum threshold that may trigger a landslide (boundary between stability and instability). Analyzing Fig. 4 , it is possible to improve the defined threshold as a combination of two relationships: for events characterized by duration shorter than 10 hours, for safety reasons, it is possible to employ Caine threshold, while for events with longer duration it is more appropriate to consider the suggested relationship (Eq. (4)).
The use of Eq. (4) can lead to false alarms for events shorter than 10 hours, therefore it is very important to analyze the geological history of the investigated area. If the considered site was subjected to landslides in the past, it is advisable to consider the combination of Caine relationship with Eq. (4). On the contrary, Comparison of rainfall threshold relationships.
if the area is subjected to first activation, it is more effective to take into account only Eq. (4) (also for duration shorter than 10 hours) in order to generate alarms correctly.
Mount San Martino: preliminary analysis of the role of rainfalls
A prototypal test site was chosen in the pre-alpine area to evaluate rock fall triggering mechanisms. The test site is Mount San Martino (Fig. 5) , a 300-meter high rock wall threatening the city of Lecco (northern Italy). In 1969 an unexpected detachment of 15-hundred m 3 of limestone rock, destroyed several houses and caused 7 fatalities.
A microseismic network consisting of 8 Micro-Electric Mechanical System (MEMS) accelerometers, 3 geophones and 2 crackmeters was installed. Data acquisition started in May 2010 and, up to now, more than 10000 events have been recorded. The network is recording data continuously and collected events are stored in a database that can be accessed remotely at any time. To help data interpretation, which is underway, we collected meteorological parameters with a climatic station placed close to the lower part of the rock face. Mount San Martino south face (Lecco, northern Italy).
Data analysis
Preliminary interpretation of recorded datasets has been carried out crosscorrelating microseismic events with precipitation. The cross-correlation is a mathematical operator that allows us to evaluate the degree of likeness between two signals. In this work, the cross-correlation has been employed to determine the time lag between acoustic emissions recorded in the time range May 2010-February 2011, and rainfall, the latter considered on an hourly and daily basis. As in the case of shallow landslides, it is essential to take into account both recent and antecedent rainfalls. The real issue concerning cumulative rainfall regards the extent of the time period to be considered and to obtain this information we employed the cross-correlation. Helmstetter and Garambois [24] have proposed a similar approach, analyzing the correlation between rainfall and seismic signals generated by rocks falling from an unstable rock face and bouncing along a rock corridor. At the present stage, we are still not able to associate every collected acoustic emission to a distinctive physical process. According to this, we propose a preliminary analysis relating the microseismic signals to the position of the transducers, their exposure to meteorological phenomena and to the geo-morphological features of the slope. Further investigations will be carried out in order to validate these preliminary considerations. Table 1 lists the main characteristics of each sensor.
As mentioned in the previous sections, several environmental parameters can act as trigger for rockfalls. Among them, rainfall and temperature are certainly the most important and are the parameters considered here. Some periods of network down (mainly because of lack of solar energy) caused gaps in seismic monitoring and, accordingly, we were not able to perform any analysis in the months of September and December. Fig. 6 shows precipitation datasets, while Fig. 7 illustrates an example of cross-correlation between microseismic events and rainfall. Data reported in Table 2 express for each sensor the time lag between hourly rainfall and acoustic emissions. By comparing Tables 1 and 2 , the following remarks can be pointed out:
-Sensor 1 is particularly sensitive to meteorological phenomena and we believe that, considering time lags approximately of 1 hour, acoustic emissions are mainly due to rainfall and to water run-off following precipitation.
-Sensors 6 and 8 cannot be analyzed to produce a significant interpretation because these transducers collect very few events. These sensors have been discarded in this preliminary analysis.
-The most promising sensors, because both their positions and the crosscorrelation outputs are transducers 2, 3 and 4. Sensors 5 and 7 provided similar results. The fact that different sensors (MEMS accelerometers and geophones), installed in areas with dissimilar geo-morphological conditions and with different exposure to meteorological phenomena, provided comparable results can be extremely useful in order to understand the evolution of the instability.
-Sensor 3 is deemed to be the most reliable transducer. Since it is a geophone, it has better performance with respect to the MEMS accelerometers [26] . Moreover, nor rainfall neither water run-off can trigger microseismic events directly on the sensor because of its position underneath an overhanging rock. According to the previous remarks, we decide to consider the time lags of cross-correlation between rainfall and acoustic emission collected by sensors 2, 3, 4, 5 and 7. The cross-correlation was computed considering only the months with the highest numbers of events:
-May: time lag of 20 days. In this period we have the highest value of cumulative rainfall, but particularly intense precipitations are missing. We deem that the found time lag is a plausible result as it is in accordance with the characteristics of the rainfall during the other months.
-July: three sensors display a time lag of 11 days. This month has the strongest hourly rainfall and the microseismic events have been recorded by several transducers. A shorter time lag with respect to May is in accordance with the fact that such powerful precipitations can saturate the fractures in a short amount of time and generate pressures causing the braking of the rock bridges still in place.
-November: three sensors display a time lag of about 10 days. Sensor 3 has a time lag of 24 days. We believe that in this month the effect of rainfall should be coupled to the effect of freeze-thaw cycles. Unfortunately we have no detailed information concerning the temperature within the rock mass in the areas close to the sensors since our climatic station is placed close to the lower section of the rock face. Nevertheless, it was observed that acoustic emissions mainly occurred during an abrupt decrease of the temperature that was probably close to 0°C within the rock mass. This fact, coupled to the presence of water, may have caused the water in the fractures to freeze. The preliminary observation expressed above will be integrated with a rigorous analysis of the collected signals, extracting significant parameters both in the time and in the frequency domains. These investigations, associated to further tests performed in the laboratory and in the field, will allow us to obtain a thorough description of the physical processes.
Conclusions
Diffuse landslides are one of the major problems among hydrogeological hazards. These landslides, even if with low intensity, concern wide areas and therefore they are very difficult to be managed effectively. To solve this problem, the scientific community has defined some empirical relationships between mass movement and rainfall in order to robustly forecast such events. For soil slips, debris flows and shallow landslides some simple relationships have been defined. Despite that, a blind application without considering the geological peculiarities of the site is not recommended; on the contrary, it is essential to "readapt" the relationship according to the geo-morphological conditions of the investigated area. Sirta and Ardenno analysis showed the importance of tuning the found relationships on the geological context. When a detailed database of events occurred in the investigated area is available, the tuning process leads to an improved relationship for the case study. Moreover, the results of Sirta and Ardenno show the importance of the state of activity of the slope; as a matter of fact, the behavior of the slope is different if a first activation or a reactivation occurs.
Different considerations must be done for rockfall events. Forecasting rockfall is yet a challenge and these mass movements still need to be investigated more in details. Nowadays there are no empirical or statistical relationships able to define the behavior of an unstable rock face. This paper reports a preliminary study on microseismic monitoring system deployed on an unstable rock face in the North of Italy. The analysis of the San Martino test site underlines the importance of antecedent precipitations. A cross correlation in order to define the time lag between acoustic emissions recorded by each sensor and rainfall was performed. The results were examined in order to fully understand the role daily and hourly precipitation on the generation of acoustic signals. A time lag of about 20 days was determined for the most critical months, in terms of rainfall: May, July and November. This brief discussion allows only understanding the importance of the antecedent rainfall also for these types of mass movements. The use of acoustic emissions as a new monitoring approach for rockfall is yet an open problem and additional researches must be conducted in order to improve the knowledge in this field.
